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Experimental methods
Synthesis of np-PdlIr:

The Nig7Pdg 75Ir; 55, Nig7Pd; sIr 5, Nig7Pd; 55Irg 75 alloy ingot as for the mother alloy
was synthesized by arc melting in vacuum to fabricate Nig;Pdy 75Ir; 25, NigsPd; slry s,
Nig;Pd, »5Irg 75 ribbons by single-roller melt spinning at a rotation rate of 3500 rpm.
Then, the np-NizgPd;75lrs;5, np-NizgPdsslrss, np-NizoPds, 5Ir;75 was synthesized by
electrochemical dealloying process at a voltage of 0.2 V versus Ag/AgCl/saturated KCI
reference electrode for about 1000 s in 0.1 M HCI (Sinopharm Chemical ReagentCo.,
Ltd, AR, 36. 0%-38.0 %) to realize the corrosion of the most Ni component (Figure
S1). The dealloying samples were cleaned by deionized water more than three times
and dried in vacuum drying oven overnight. After then, 5 mg of np-NiPdIr powder was
respectively dispersed in a solution containing 0.5 mL of ethanol (Greagent, AR,
>99.7%) and 15 pL of Nafion solution (Adamas, RG, 5 wt%) by sonication for 1 h.
After that, 30 uL of ink was dropped on a carbon paper and drying in the air for several
hours. Subsequently, the self-activation process was conducted by performing repeated
cyclic voltammetry (CV) scans (from the 10th cycle to the 500th cycle with the step of
50 cycles) between 0.0 V and 0.6 V versus RHE in 0.1 M HCI to gradually remove
nickel species (Figure S2).! The above catalysts with different precursor-atomic-ratio
were denoted as np-Pd,sIrss, np-Pdslrsg, np-Pd7slrs.

Structure and composition characterizations:
XRD patterns were taken by using a Rigaku MiniFlex X-ray diffraction. SEM

experiments were conducted on Zeiss Sigma HD (Oxford EDS). HAADF-STEM



images, selected area electron diffraction (SAED) image, and EDX mappings were
recorded on a JEM-ARM 200F. The chemical state of the samples was carried out using
XPS on Thermo Scientific ESCALAB250Xi spectrometer with the monochromatic Al
Ka. The Ir L;-edge and Pd K-edge XAFS spectra were recorded at the Beamline No.
01CI in Taiwan Light Source. Faradaic efficiency tests were based on the Gas
Chromatograph (solution-1A).

Electrochemical measurements:

All electrochemical properties were evaluated by a three-electrode electrochemical
system (CHI-760E) at room temperature.>> The OER and HER properties were
characterized in 0.5 M H,SO, (Sinopharm Chemical ReagentCo., Ltd, 95.0 %-98.0 %)
with a scan rate of 5 mV s7!, and the overpotential for water oxidation was evaluated at
10 mA cm current density. The distance between the working electrode and the
reference electrode (Hg/Hg,SO,) was set at 1 cm, carbon rod as counter electrode.
Overall water splitting is performed in a two-electrode system. One np-Pdslrsq (or Ir/C)
electrode acts as the positive electrode for OER and the other np-Pdsolrsy (or Pt/C) is
used as the negative electrode for HER.

All the applied potentials were converted to the reversible hydrogen electrode
(RHE) potential (Egyg) as shown follow:

Epyg = Eppy+ Eop +0.0592V x pH

Where E,,, is the experimental potential with relative to the reference electrode, £0
ref equals 0.656 V at 25 °C for the saturated Hg/Hg,SO, reference electrode and pH is

the hydrogen ion concentration of the electrolyte solution.



All of inks are prepared at room temperature. For the preparation of np-Pd,slrss, np-
Pdsolrsg, np-Pd7slr,s inks, 5 mg of mixed catalysts were uniformly dispersed in 1 mL of
ethanol solution containing 30 pL of 5 wt % Nafion solution through sonication for 1 h
by ultrasonic cell grinder. The mixed catalyst is composed of 1 mg of np-Pd;go«Irg
powder and 4 mg of Carbon powder. For the preparation of It/C and Pt/C inks, 5 mg of
Ir/C or Pt/C were uniformly dispersed in 1 mL ethanol solution containing 30 puL of 5
wt % Nafion solution after sonication for 1 h by ultrasonic cell grinder. Subsequently,
40 uL of ink were dropped on a carbon paper with an area of 1 cm? and dried in the air.
The loading values on carbon paper for np-Pd,slrss, np-Pdsolrsg, np-Pd;slr,s, Ir/C, and
Pt/C were 200.00 pgiow cm 2 (40 pgppg cm2, 31.96 gy, cm2), 200.00 pgo cm 2 (40
ugr+pa cm2, 26.36 pgr cm2), 200.00 pgiw cm 2 (40 pgpapg cm2, 17.21 pgp cm?),
200.00 pguw cm 2 (20.00 pgr cm2?), and 200.00 pgw cm 2 (20.00 pgp cm2),
respectively.

Electrochemical impedance spectroscopy (EIS) was conducted at 1.5 V versus RHE
with an amplitude of 5 mV over the 10° ~ 10"! Hz frequency range using the former
electrochemical workstation (CHI-760E). The obtained solution resistance (Rs) for
each electrolyte with different values was used for 95% iR correction, while the Nyquist
plot showed the OER kinetics of each sample.® The Faradaic efficiency tests used H-
cells separated by a Nafion 117 membrane (electrochemical flow cells) to ensure the
gas tightness’. Ar is passed in and out at the working electrode and reference electrode

side.



Calculation of the electrochemical surface areas (ECSA):
The ECSA was determined by integrating the hydrogen underpotential deposition
area (Hypp method) from cyclic voltammetry (CV). The ECSA was calculated from the

equation as follow?:

ECSA = i
mC

The C is the H adsorption/desorption charge density on materials, the C values 210
uC cm? on Pt while 218 pC cm on Ir'?. The m refers to the metal loading of Pt/Ir.

The Q was calculated from integrating the Hypp desorption:

_ Speak

v

The S,cq is obtained by integrating after subtracting the double-layer current density
from ~0.05 to ~0.3 V (vs RHE). The v is the scan rate of 10 mV s-!. The specific results

were given in the Table S1.

Calculation of the mass activity and specific activity:

In order to evaluate the mass activities of np-Pdyslrss, np-Pdsolrsg, np-Pdyslrys, Ir/C,
and Pt/C, the activity values were normalized to Ir loading for OER while Ir, Pd or Pt
loading for HER. The current density at an overpotential of 270 mV (OER) or 50 mV
(HER) were chosen to assess the mass activity. The final results about OER tests are as
shown in the Table S2, while the ones about HER are given in the Table S5.

Mass activity (MA) was calculated as follow:

Jy =270 mv/ 70 my

MA = -
mass density,, Pd/Pt

Specific activity (SA) was calculated as follow:



_ MA
" Electrochemical Surface area

Notably, the Surface area was calculated by Hypp desorption method.

Calculation of TOF for OER:
The turnover frequency (TOF) per active site in the catalysts was calculated using

the formula!!;

#total oxygen turnover per geometric area
TOF(0, /s) = Y9 perg

#active sites per geometric area

The total number of hydrogen turnovers was calculated from the current density

according to:

2

mA
# total hydrogen turnovers = (n X |j|—)
cm

( 1cs-1 )(1 mol e~ 1)( 1mol 0, )(6.023 x 102 0, molecules)

1000mA)\ 96485 C J\4 mor e~ 1 1mol 0,

1502/5 mA
=156 x10 per—n - |j|
2 21U
cm cm

where 7 is the Faradic efficiency at the potential of 1.50 V.

The number of active sites were calculated as the total number of surface sites from
ECSA together with the unit cell of the np-Pdsolrsy catalysts. The surface sites (atoms
Cm o ) is estimated by using the method suggested by Reference 12:

2
4atoms /unit cell\3

2.817A3 / unit cell

=3.21 x 10 atoms cm.2?

#surface sites = real

Apcsa=ECSAxm,, . »,=137.61m* g, 7%, x40 ug = 55.04 cmy s,

Hence, the TOFs of catalysts can be calculated according to:
#total oxygen turnover 1.56 X 101° x 919% x | - 100]

#surface sites X Agcgy B 3.21 x 10 x 55.04

— _ -1
TOF 4 _ y70myy = =0.800,s



Calculation of TOF for HER:
The turnover frequency (TOF) per active site in the catalysts was calculated using

the formula!3;

#total hydrogen turnover per geometric area

TOF(H, /s) =
( 2/ ) #active sites per geometric area

The total number of hydrogen turnovers was calculated from the current density

according to:

# total hydrogen turnovers
B |.lmA 1Cs 1\(1mole 1\ 1molH,
— "V 2\ T000ma)\ 96485 € )\2 more-
Hy/s  maA
=3.12x 10° per——n - |j|
m2

sz C

6.023 x 10%3 H, molecules
1molH,

where # is the Faradic efficiency at the potential of -0.1 V. The numbers of surface
sites in the np-Pdslrsy catalysts were calculated in the same way:

2
4atoms [ unit cell\3

3 =3.21 x 10%sites per cm?
2.817A° / unit cell

#surface sites =

Hence, the TOFs of catalysts can be calculated according to:

#total oxygen turnover 3.12 X 10" x 989% x | - 100]

#surface sites X Agpg, 3.21 x 10 x 55.04

TOF () _o1v)= =173 H,s *

Calculation for Faradaic Efficiency (FE):
The FE test was based on Gas Chromatograph (GC) technique. The equation is as

follows:

. Qn, 0, B XXFX N0 X Cy 0,
Qtotal Ixt

Where x is the number of electron transfers for HER (x=2) and OER (x=4), F'is the

Faradaic constant, n,,, is a theoretical value calculated by the corresponding current



(/) and reaction time (), and the Cy,; is related to the characteristic peak integration
corresponding to the GC spectrum. The specific results were shown in the Figure S11

(OER) and Figure S14 (HER).

DFT calculations:

All of the computations were performed by means of spin-polarized DFT methods
using the Vienna Ab initio Simulation Package (VASP).!# The spin-polarized projector
augmented wave (PAW) projectors and the Perdew-Burke-Ernzerhotf (PBE) functional
of generalized gradient approximation (GGA) is utilized to describe the electronic
structures of given structure. The free energies of oxygen species are calculated on the
dominant crystal surface of Ir(111) and Pd(111). In the same way, the free energies of

hydrogen species are calculated on the dominant crystal surface of Ir(111) and Pd(111).

- N
Precursor np/Ni-Pd-Ir nP-Pdigoully o
Chronoamperometry Cyclic Voltammetry ¢
s N o ' np-Pdslrsg
etching etching A% =y
"3 "
HET gpg M

Figure S1. Chemical description of the fabrication process of nanoporous Pd;go_Iry.
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Figure S2. The CV curves of np-Pdslrso in 0.1 M HCI with 50 mV s



Figure S4. X-ray Polycrystalline electron diffraction pattern of np-Pdslrs.



Figure S5. The HRTEM of np-Pdslrs,.
The dotted line indicates that the lattice stripe in the red circle, showing some

dislocation defects. Scale bar: 2 nm.

FTy(k)*k®

Figure S6. k space oscillation mode of the EXAFS spectra for Ir L;-edge.
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Figure S7. k space oscillation mode of the EXAFS spectra for Pd K-edge.
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Figure S8. Electrochemical impedance spectroscopy measurements of np-Pd;gIry at

1.5 V versus RHE in 0.5 M H,SO,.
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Figure S9. CV curves of np-Pd;s1r,s, np-Pdsolrsg, np-Pd,slrss, Ir/C, and Pt/C in 0.5 M

H,SO, with the scan rate of 10 mV s
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Figure S10. Faradaic efficiency of np-Pdslrsy for OER in 0.5 M H,SO,.
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Figure S11. Chronopotentiometry curve of np-Pdsolrs, for OER at 10 mA cm™2 in 0.5

M H,SO,.
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Figure S12. The SEM images of np-Pdslrs, after 72 hours OER test at 10 mA cm™.

Scale bars: a) lum. b) 2um.
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Figure S13. Faradaic efficiency of np-Pdslrsy for HER in 0.5 M H,SO,.
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Figure S14. Chronopotentiometry curve of np-Pdsolrsy for HER at 10 mA ¢cm2 in 0.5

M H,SO,.
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Figure S15. The XRD patterns of the catalysts after 25-h overall water splitting

test in acidic electrolyte. *: The peak positions marked in the pattern are from C

(PDF#26-1077), which is the result of carbon paper as the substrate interference.
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Figure S16. The XPS spectra of np-Pdslrs, after OER test for 25 h.

Pd 3d region a) and Ir 4f region b). In Pd 3d region, the 3d3,and 3ds,, orbits were split

into two peaks respectively, indicating the oxidation of Pd during the OER testing. In

Ir 4f region, the 417, and 415/, peaks which located at 61.04 eV and 64.10 eV were split

into two peaks respectively, indicating the oxidation of Ir in np-Pdsolrs,.!3
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Table S1. Comparison of the ECSA for the prepared electrocatalysts, commercial Ir/C

and Pd/C calculated by Hypp method.

Catalysts ECSA (m? gjripdorpt!)
np-Pdyslrss 65.67
np-Pdslrs 137.61
np-Pdslrys 51.03
Ir/C 70.62
Pt/C 91.24

Table S2. Comparison of the OER mass activity and specific activity for the prepared

electrocatalysts and commercial Ir/C at an overpotential of 270 mV.

Mass activity Mass activity Specific activity
Catalysts
(A mglr-l) (A mglr+Pd-1) (A m-2)
Ilp-Pd2511'75 0.72 0.58 8.75
np-Pdsolrsg 3.80 2.50 18.17
np-Pdslrss 0.99 0.43 8.33
Ir/C 0.34

; 4.74




Table S3. OER performances of np-Pdsylrsy and other reported electrocatalysts in

acidic electrolyte.

Overpotential Tafel slope
Catalysts Electrolytes (mV) at 10 p Ref.
5 (mV dec?)
mA cm
0.5M
np-Pdsplrsg 217 58.0 This work

H,SO,
0.5 M

Ir-Pd nanowires 300 60.0 16
H,SO,
0.1 M

Pd@Ir;. 263 59.3 17
H,SO,
0.1 M

Pt-Ir-Pd 408 128.7 18
HCI1O,4
0.5 M

[rCo@NCNT/PC 300 56.0 19
H,SO,
0.5 M

Rulr@CoNC 223 45.0 20
H,SO,
0.5 M

Ir p-NHs 243 51.0 21
H,SO,
0.1 M

Co-Rulr 235 66.9 22
HCI1O,4
0.1 M

IrTe nanotubes 290 60.3 23
HCI1O,4
0.5 M

Au@Aulr, 261 58.3 24
H,SO,
0.5 M

II'0.5RL10.5 219 60.7 25
H,SO,
0.5 M

Ir,Pd MNNS 307 65.7 26
H,SO,

IrosW 0.1M 290 42.0 27




HClO,4

0.5M

Ir/FeNy 316 61.5 28
H,SO4
0.5M

IrRu@Te 220 35.0 29
H,SO4
0.5M

CI'()_GRU()_402 178 48.0 30
H,SO4
0.5M

Li-IrO, 270 39.0 31
H,SO4
0.1 M

IrCuNi 273 41.0 32
HCIO4

Table S4. HER performances of np-Pdsylrsy and other reported electrocatalysts in

acidic electrolyte.

Overpotential

Tafel sl
Catalysts Electrolytes  (mV) at 10 arel sTope Ref.
) (mV dec)
mA cm?
0.5M
np-Pdsplrsg 20.00 24.0 This work

H,SO4
0.5M

Pt;Co@NCNT 42.00 27.2 33
H,S0O,
Pt@Co SAs-ZIF- 0.5M

27.00 21.0 34
NC H,S0O,
0.5M

PdCUO.2H0.43 28.00 23.0 35

H,SO4




Ni/np-Ir

Ir-Co-W NPs

Ir-SA@Fe@NCNT

Pd13CU.3S7 NPs

Au@PdAg NRBs

a-Ni(OH),@Ir

Ity sRug s nanocages

Co-Rulr

Rulr-NC

IrRu NPs

IrNi NCs

0.5M
H,SO,4
0.5M
H,SO,4
0.5M
H,SO,4
0.5M
H,SO4
0.5M
H,SO,4
0.5M
H,SO,4
0.5M
H,SO,4
0.1M
HCIO4
0.1M
HCIO4
0.5M
H,SO,4
0.5M
H,SO,4

17.00

35.82

26.00

64.00

26.20

20.00

18.00

41.00

42.00

52.00

19.00

24.0

38.4

31.8

49.6

30.0

12.5

25.0

31.1

38.3

36.2

33.5

36

37

38

39

40

25

22

41

42

43




Table SS. Comparison of the HER mass activity and specific activity for the prepared

electrocatalysts, commercial Ir/C and Pt/C at an overpotential of 70 mV.

Mass activity Specific activity

Catalysts
(A mgjpdorpt ™) (A m?)
np-Pdyslrss 0.25 3.81
np-Pdsolrs 2.55 18.50
np-Pdslrys 0.34 6.57
Ir/C 1.04 14.73
Pt/C 2.10 23.06

Table S6. Overall water splitting performances of np-Pdsolrs, and other reported

electrocatalysts in acidic electrolyte.

Potential
Catalysts Electrolytes (V)at10 Ref.
mA cm
np-Pdsolrso 0.5 M H,SO, 1.52 This work
Pt/C//Tr/C 0.5 M H,SOy4 1.60 This work
RuO,-WC NPs 0.5 M H,SOy4 1.66 44
Ir/g-CsNy/NG 0.5 M H,SOy4 1.56 45
Rulr 0.1 M HCIO4 1.52 46
PdCw/Ir 0.5 M H,SOy4 1.58 47

Pto.]5Pd0.30RuO‘30CuO.25 0.5 M HzSO4 1.56 48




Ir-GF
IrNi NCs
Ir p-NH
Aulr@CNT

Ir-Ag nanotubes

II'-WO3

II‘CO().65

0.5 M H,SOy4
0.5 M H,SO4
0.5 M H,SOy4
0.5 M H,SO4

0.5 M H,SO4

0.5 M H,SO4
0.1 M HCIO4

1.55
1.58
1.50
1.51

1.55

1.56
1.59

49
50
21
40

51

52
53
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